Aim: Luteinizing hormone releasing hormone (LHRH) is a neurohormone, secreted by the hypothalamus, which regulates the secretion of gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the pituitary. LHRH acts by binding to receptors located in the pituitary gland. These receptors (LHRH receptors) have also been found in the cytoplasm of many tumor cells that involve both the reproductive and non-reproductive organs. These receptors have been demonstrated in prostate and breast cancers, endometrial carcinomas, renal cell carcinoma, lymphoma, carcinoma of liver, pancreas and skin. So far, the expression of LHRH receptors on sarcomas (i.e. malignant tumors of mesenchymal origin) has not been studied, except for endometrial sarcomas. It has also been demonstrated that both LHRH agonists and antagonists can down-regulate these receptors and thus inhibit these tumor cells. Another major therapeutic implication is that these receptors can be targeted specifically by peptides conjugated to anti-cancer drugs. The purpose of this study was to determine if LHRH receptors are expressed in primary and/or metastatic sarcomas of human origin. Methods: We looked at LHRH receptor expression in 38 consecutive sarcoma specimens, using immunohistochemistry. The specimens were either from office biopsy or from resected tumor; these were confirmed as sarcomas by histopathological examination. The receptor staining characteristics and the staining intensity were also documented. The pattern of staining was classified either as "focal or diffuse staining of the cytoplasm" and the intensity of staining was graded on a scale from 1+ to 4+. Results: Positive receptor staining was seen in 25 of the 38 (66%) specimens. Twelve of the specimens stained diffusely and 13 had focally positive staining. Three tumors had 1+ staining, 10 had 2+ staining, six had 3+ staining, and six tumors had 4+ staining. The tumors included undifferentiated pleomorphic sarcoma, synovial sarcoma, osteosarcoma, myofibroblastic sarcoma, myxofibrosarcoma, liposarcoma, dermatofibrosarcoma protuberans, metastatic chondrosarcoma and chordoma. Conclusion: Sarcomas express LHRH receptors with a varying incidence and degree. Our study suggests that those sarcomas that are LHRH receptor positive could potentially be treated with targeted chemotherapy.
Introduction
Malignant tumors arising from cells that differentiate as mesenchymal cells are called sarcomas. Galen is thought to have coined the word sarcoma, meaning fleshy growth, in the second century C.E. These are rare tumors and account for < 1% of all solid malignancies in adults. However, this group constitutes 20% of tumors in the pediatric age group [1] . The overall incidence of the majority of these musculoskeletal sarcomas has remained stable, between 1 and 5 per 1,000,000 total population for the past few decades [2] . The new sarcoma cases estimated for the USA in 2016 is 15,610 and the mortality estimated for the same year is 6,480 (42%) [3] . Sarcomas are subdivided into more than 50 specific tumor types; hence accrual for sarcoma chemotherapy trials is difficult. Paradoxically however, this puts the investigator in the position of dealing with each sub-type by looking for specific molecular markers and encourages elucidation of specific malignant pathways. Cancers arising from bone and soft tissues become the third and fourth leading types, respectively, of cancer deaths in patients < 20 years of age [3] . Osteosarcoma is the most common bone cancer of children and adolescents, occurring in 4.4 per million with a peak in the second decade of life [4] . Soft tissue sarcomas peak in the 5th decade as a percentage of cancers for a given age group they peak in childhood and adolescence [5] . Thus it might be said that these malignancies rob life from those with the most to lose.
Due to recent advances in treatment, the 5-year survival rates of bone tumors increased from 51% in 1977 to 77% in 2011 [3] . A similar rise in survival rates from soft tissue tumors has been seen, going from 61% in 1977 to 79% in 2011 [3] . To sustain this positive and growing trend, further and newer treatment methods must be perceived and instituted. Recent relevant advances encompass the development of three types of analogs of luteinizing hormone releasing hormone (LHRH) and the discovery of expression of receptors for the hypothalamic releasing hormones, including those for LHRH (LHRH-R), in cancer cells [6] [7] [8] [9] . In various studies, analogs of other neurohormones (e.g. GHRH, somatostatin) were shown to inhibit the growth of human experimental osteosarcomas in vivo [10] [11] [12] [13] [14] and analogs of LHRH suppressed proliferation of rat chondrosarcomas [15] . In this investigation, we provide immunohistochemical evidence for the presence of receptors for LHRH in sarcomas. Whether the presence of these receptors is a laboratory curiosity or a feasible target for clinical exploitation remains to be ascertained.
LHRH is a neurohormone, produced in the hypothalamus that stimulates the production of gonadotropic hormones of the pituitary, FSH and LH. These in turn control the secretion of the gonadal sex steroids. LHRH acts by binding to its receptors in the pituitary gland. In addition to its presence in the pituitary, this receptor (LHRH-R) has been found on the cell surface of many tumor cell types that involve the reproductive and non-reproductive tissues. LHRH receptors have been demonstrated in prostatic, breast, ovarian, endometrial, colorectal, pancreatic, urethral and renal cell carcinomas, lymphoma, melanoma skin cancer and many others [16] . To date, their expression on sarcomas, with the exception of endometrial sarcomas, has not been studied. It has been demonstrated that both LHRH agonists and antagonists can inhibit the growth of these tumor cells [17] [18] [19] . A further major therapeutic implication is that the cells expressing these receptors can be targeted even more effectively by conjugating cytotoxic moieties to the LHRH agonists, a 3rd type of analog. One such analog is already in clinical trials [20, 21] . The purpose of our study was to determine whether such receptors are expressed in primary and/or metastatic human sarcomas and to determine whether their presence and density is sufficient for clinical relevance.
Materials and methods
We investigated LHRH receptor expression in 38 consecutive sarcoma specimens by using immunohistochemistry. The specimens were either needle biopsies or en bloc resected tumors. These were all confirmed by histopathological examination as sarcomas. The tumors included undifferentiated pleomorphic sarcoma, synovial sarcoma, osteosarcoma, myofibroblastic sarcoma, myxofibroblastic sarcoma, myxofibrosarcoma, liposarcoma, dermato-fibrosarcoma protruberans, metastatic chondrosarcoma and chordoma. An Institutional Review Board approval was obtained for analysis and publication of the results in May 2013.
Immunohistochemistry
Tissues from 38 human sarcoma specimens, derived from primary tumors and metastases, were fixed for 16-20 h in 4% neutral buffered formalin and then embedded in paraffin. Four to 6 μm sections of selected tissue blocks were cut, mounted on siliconized glass slides and deparaffinized in xylene using three changes of 5 min each. Sections were then rehydrated gradually with graded alcohols. Antigen unmasking was done by heat pretreatment. Heat pretreatment of the sections was done in 10 mmol/L citrate buffer (pH 6.0); sections were heated to 95 °C for 5 min. This is repeated after "topping off" with fresh buffer. The slides were then allowed to cool in buffer for 20 min. Slides were then incubated in PBS for 20 min to suppress non-specific binding of IgG. Then the slides were incubated with primary antibody for the LHRH receptors (N-20, Santa Cruz Biotechnology, USA) for 20 min. The secondary reagent used was the Rb Anti-Goat serum. The slides were incubated with 100 μL EnVision FLEX Rabbit linker (Agilent Technologies, Santa Clara, CA, USA) for 15 min followed by EnVision FLEX horseradish peroxidase (Agilent Technologies, Santa Clara, CA, USA) antibody incubation for 20 min. Finally, the slides were rinsed in water, counterstained with Harris' hematoxylin, and covered with a glass cover slip. The slides were examined by light microscopy and the intensity of immuno-staining was estimated on a four-point scale, from 1+ to 4+, by a single investigator familiar with immunohistochemical stain evaluation. The pattern of the staining was also documented as diffuse or focal. Diffuse staining was considered to be present when 75% or more of the cells were positive and focal staining was designated when 10%-74% of the cells stained. Any lesser staining was considered negative.
Results
Positive staining for human LHRH-R was seen in 25 of the 38 (66%) specimens. Staining was seen in the cytoplasm of the sarcoma cells (Figures 1 and 2) and not in the nucleus or the cell membrane. Figures 3 and 4 as well as Figures 5 and 6 illustrate some of the different staining patterns that were observed. Twelve of the specimens stained diffusely and 13 had focally positive staining. Three tumors had 1+ staining, 10 had 2+ staining, six had 3+ staining and six tumors had 4+ staining ( Table 1) . The staining for LHRH-R was distributed among all of the different sarcoma subtypes that were investigated. Staining was seen in both primary and metastatic tumors. Fifty (50%) percent of bone tumors stained positive for the receptor and 71% of the soft tissue sarcomas stained positive for the receptor. 
Discussion
Stimulation of the synthesis and release of FSH and LH is the nominative principal function of LHRH and its receptor. The LHRH receptor is expressed in great numbers on the surface of the gonadotrope cells of the anterior pituitary [22, 23] . For pathophysiologic reasons that are unknown, extra-pituitary tissues (e.g. ovary, endometrium, prostate, breast) and tumors from both reproductive and non-reproductive tissues also express this receptor [16] . LHRH was first identified, isolated and synthesized from porcine hypothalami by one of us (AVS) in 1971. The tumoral receptor for LHRH was cloned and sequenced in 1991 [24] . The coding sequences for this LHRH receptor were identical to those on the gonadotropes. Despite this fact, there are key differences in the (behavior) of this receptor on tumors and pituitary cells. Some tumors express high affinity binding sites for LHRH while other tumors express low affinity binding sites. The expression of the receptor has been studied by the use of immunohistochemistry, Western blot and RT-PCR. LHRH receptors are found in more than 50% of breast cancer specimens, including triple negative breast cancers [25] . Two more recent studies showed that the receptors were expressed in as high as 75% of tumor cells [26, 27] . About 70%-80% of human ovarian cancers and about 80% of human endometrial carcinomas express LHRH receptors. The receptors are expressed in 86% of prostate cancers [28] and in all bladder cancers examined [29] as well as 46%-69% of uveal melanomas [30] . These findings all suggest a clinical utility for the presence of the receptor.
Current management of bone and soft tissue sarcomas is primarily surgical with adjuvant treatment using systemic chemotherapy and/or radiotherapy in selected cases. A small subgroup of those patients that initially present with non-resectable or metastatic tumors, undergo chemotherapy and radiation therapy as primary modalities of treatment. The use of chemotherapy may be limited, however, because of the presence of intrinsic or acquired drug resistance, patient related co-morbidities, and/or by the occurrence of serious side effects. The use of radiation therapy is also limited by the possible dose, type of sarcoma and the tumor location.
Development of the novel approach, suggested herein, may amplify the possibilities for effectively treating these metastatic or non-resectable tumors. The presence of the LHRH receptor has prompted many researchers to investigate agonists and antagonists of LHRH-R and study the responses in multiple tumors. In a majority of cases, receptor suppression caused inhibition of cellular proliferation [31, 32] . LHRH agonists have been used clinically in the treatment of prostate, breast and gynecological cancers and have produced excellent clinical results [33] [34] [35] . Even though the use of such agents has produced encouraging results, their effects are mainly due to suppression of the pituitary-gonadal axis and the resultant medical castration, hence they may not be clinically useful in the treatment of sarcomas of non-reproductive organs.
The use of targeted therapy is an additional new approach based on the presence of LHRH receptors on various tumor cells, including those of sarcomas. Discovery and elucidation of the molecular mechanisms driving these relevant targeted pathways may greatly improve therapeutic outcomes. The key requirements of targeted therapy are the identification of a receptor that could be targeted and the synthesis of hybrid compounds that have specific affinity for this receptor and are also cytotoxic. Even though expression of several receptor types has been identified in multiple types of cancer cells, LHRH receptors have shown much promise because of the high expression rate among different types of sarcomas, especially soft tissue sarcomas, that may respond unpredictably to other types of systemic therapies. To satisfy the second key concept (developability of a cytotoxic analog) for targeted chemotherapy, a cytotoxic LHRH hormone analog, called AN-152 (commercial designation AEZS-108), has been designed and synthesized. This cytotoxic analog consists of doxorubicin (DOX) conjugated at its 14-OH group, through a glutaric acid spacer, to the epsilon-amino group of the D-Lys side chain of the carrier peptide. The drug enters the cell specifically by means of receptor mediated endocytosis [36] . This compound, when compared to unconjugated cytotoxic compounds, acts selectively on those cells that express this receptor and hence exerts many fewer side effects on normal cells, that do not express the receptor. After internalization of AEZS-108, DOX is cleaved from the LHRH moiety and is accumulated in the nucleus [37] . Uptake of the drug can be competitively inhibited by an excess of LHRH agonist, thus supporting the concept of its receptor targeting [37] . In cancer lines that do not express LHRH receptors, no intracellular accumulation of the drug could be detected [38] . Dose escalation and pharmacokinetic studies for this drug have been completed [39] and the drug has already entered into phase 3 clinical trials for the treatment of pancreatic, breast and ovarian cancers [40] . The trials suggest good clinical results and the absence of cardiotoxicity, even in patients heavily pretreated with DOX. Furthermore, because of the receptor-mediated entry of the drug into the cancer cells, AEZS-108 appears to overcomechemo resistance, which is frequently seen in systematic therapy with antracyclines [41, 42] . The limitation of our study is that it is retrospective and is a purely descriptive study. With more than 50 sarcoma subtypes extant, larger studies with more specific subtype analysis would be required to understand receptor expression in a broad range of sarcomas. However, this study does establish that LHRH receptors are present in at least some sarcomas, rendering them potentially susceptible to control with targeted therapies.
Conclusion
Our study establishes that the LHRH receptor is expressed in several types of sarcomas. Our study also shows that they are expressed in several metastatic sarcomas. This implies that targeted therapy can potentially be successfully implemented in the therapy of tumors that express this receptor.
